Extensins are hydroxyproline-rich glycoproteins (HRGPs) found in the primary cell walls of dicots. Extensin monomers are secreted into the wall and covalently bound to each other, presumably by isodityrosine (IDT) cross-links, to form a rigid matrix. Expression of the extensin matrix is correlated with inhibition of cell elongation during normal development and with increased resistance to virulent pathogens. We have isolated extensin from carrot root tissue (Daucus carota L.) by published techniques and have used gel filtration chromatography to purify fractions enriched in monomers and oligomers. We refer to this protein as "extensin-l" to distinguish it from "extensin-2," a second extensin-like HRGP from carrot which we will describe later. We prepared extensin-1 for electron microscopy by shadowing it with platinum. Monomers are highly eloogated (a84 nanometers) and kinked at several sites. Kinks occur at all sites on molecules with nearly equal probability, but do not appear to occur at their ends. The distribution of kinks is similar to that of tyrosine-lysine-tyrosine sequences, which have been shown to be capable of forming intramolecular IDT cross-links, so we suggest that kinks are visible manifestations of intramolecular IDTs. Oligomers likely result from IDT cross-links between monomers, and may be regarded as transient precursors of the fully cross-linked matrix. Nearly 60% of cross-links involve the ends of molecules while the rest are scattered among internal sites. We discuss how the relative positions and proportions of intra-and intermolecular cross-links in extensin-1 may affect the structure, and in turn the function, of the extensin matrix.
higher plants and green algae: arabinogalactan proteins (14) ; solanaceous lectins and agglutinins (for review, see Refs. 23, 28);
Chlamydomonas cell wall proteins (31) and sexual agglutinins (9) ; and the recently described HRGP from soybean seed coats (5) . One feature that distinguishes extensins from other HRGPs is that they alone appear to be covalently cross-linked or 'insolubilized' in the cell wall: all others are freely soluble or held in the wall by ionic or other weaker interactions. Extensin molecules are thought to be secreted into the wall as monomers which then become covalently bound to each other by peroxidase-catalyzed IDT residues (15) . Cooper and Varner have shown that extensin insolubilization and IDT formation are both inhibited by peroxidase inhibitors and free radical scavangers (10) and that insolubilization in isolated cell walls occurs concomitantly with IDT formation (1 1). The hypothesis that IDT is the intermolecular cross-link has not been proven, however. For example, much ofthe IDT associated with wall-bound extensin may occur in intramolecular cross-links (12) .
The name 'extensin' was first applied to a highly insoluble, HRGP residue from cell walls (19) . It now appears that a family of related extensin-like HRGPs may be precursors to the crosslinked extensin matrix. Two distinct extensin precursors from tomato suspension cultures have been purified and characterized (33) . We present preliminary evidence for two extensin-like HRGPs from carrot. This report will pertain to only Ext-l, which appears to be identical to the extensin characterized by Varner and his colleagues at the protein (36, 38) and nucleic acid levels (6, 7) . Ext-2, like Ext-1, is rich in hydroxyproline and arabinose, is soluble in 10% TCA and has a net positive charge (34) .
The cross-linked extensin matrix is rigid, inextensible, and resistant to extraction or degradation. Extensin expression has been correlated with the ability of cells to resist lysis in hypotonic medium (19) , inhibition offurther cell elongation during normal development (32) , and increased resistance to attack by virulent pathogens (13) . Extensin-like HRGPs also may play an important role in morphogenesis (1). Our goal was to understand how the structure of the cross-linked extensin matrix might relate to these functions. To this end, we have isolated salt-extractable Ext-i monomers and oligomers, which we regard as precursors ofthe matrix as a whole (10, 33) , and have studied their structure and composition by EM and various biochemical methods.
MATERIALS AND METHODS
Extensin Purification. Aerated carrot root slices provide a convenient source for isolating large quantities of extensin (8) .
Organically grown carrots with tops (Daucus carota L.) were purchased at a local market. Slices of phloem parenchyma 1 to 2 mm thick were incubated in 20 mm K-phosphate (pH 6.0) plus 50 Ag/ml chloramphenicol at 25°C for 3 d with vigorous shaking.
The buffer was changed daily after the slices had been rinsed three times with distilled H20. Extensin was purified by a method that combined aspects of published techniques (33, 36) . Carrot slices (200-400 g) were homogenized in a Virtis homogenizer in 80% (v/w) incubation buffer without chloramphenicol. All steps except chromatography were performed at 0 to 4°C. The cell wall residue was washed 6 to 8 times with distilled water and collected on two layers of Miracloth. The washed walls were extracted three times with 150 ml of 0.2 M CaC12. The extract was concentrated by ultrafiltration to about '3* ml using a PM-10 or PM-30 filter (Amicon, Danvers, MA), made 10% (w/v) in TCA, and allowed to form a precipitate overnight. The TCA extract was centrifuged for 15 (Fig. 1B) .
Chromatography of crude extensin on CM-cellulose ( Fig. 2 ) yields a single major peak which is highly enriched in Ext-I (the smaller second peak contains Ext-2 and other proteins). No other proteins are seen on a silver-stained SDS polyacrylamide gel of this fraction, even when the gel is overloaded (Fig. 1, C and D) . This criterion is not sufficient to establish purity, however, since the smear of stained material in the stacking gel could contain a number of related proteins. Alditol acetate analysis ofthe neutral sugar composition of the Ext-1 fraction indicates that it contains 95% arabinose and 5% galactose, which is consistent with previous work (38) .
Pure salt extractable Ext-l is highly enriched in monomers, but as can be seen by acid-urea PAGE, it also contains detectable amounts of higher mol wt proteins which we believe to be covalent oligomers of Ext-I (Fig. 3) . In support of this idea is the fact that the relative migration of the putative dimer and trimer bands suggest that their mol wt are exactly two and three times that of the monomer band. Chromatography of Ext-l on a Sephacryl S-400 gel filtration column (Fig. 4) yields a single peak which contains only monomers ( Fig. 3B ) and a faster eluting shoulder which is enriched in oligomers (Fig. 3C ). Ext-2 migrates as a distinct species in this gel system ( Fig. 3D ) with an apparent mol wt of about 43 kD, assuming a mol wt of 86 kD for Ext-1 monomers (36).
The amino acid composition of Ext-l purified by ion-exchange and gel filtration chromatography is shown in Table I . As expected, it is especially rich in hydroxyproline and contains significant amounts of serine, valine, tyrosine, histidine, and lysine.
Also shown are amino acid profiles for carrot extensin purified by equilibrium density centrifugation in CsCl (38) and one derived from a carrot genomic clone thought to encode extensin (7) . The three profiles are quite similar, and despite minor differences, they probably represent the same protein. A different amino acid analyzer was calibrated to detect and quantify IDT. Ext-1 (which had not been subjected to gel filtration chromatography to separate monomers from oligomers) was found to contain 5.3 half-IDT residues per molecule, which is equivalent to about 1.9 mol % (Table I) .
Electron Microscopy. Proteins that contain elongated domains can be visualized readily in the electron microscope after they have been shadowed with platinum at a low angle (37). A preparation of Ext-1 purified by ion exchange chromatography contains predominantly monomers and a few oligomers (Fig.  5a ). In contrast, material taken from the faster-eluting shoulder of the gel filtration column is enriched in oligomers (Fig. Sb) . Monomers are highly elongated and measure 84.4 ± 7.5 nm (n = 68). Treatment of extensin molecules with acidified sodium chlorite fragments them into pieces of various size (Fig. 5c) .
Examination of Ext-I molecules at higher magnification reveals several features about their structure. Monomers show distinct bends or 'kinks' at several sites along their lengths (Fig.  6 , a-c). Loops in monomers (Fig. 6d) (Fig. 6 , e-f); end to side (Fig. 6g) (Fig. 6i) . Trimers (Fig. 6j) , tetramers (Fig. 6k) , and indecipherable higher order polymers (Fig. 61) also are observed. This last structure may represent the complexity of the insoluble extensin matrix as a whole.
Measurement of kink position with a digitizer shows that they occur at nearly all sites on Ext-I molecules with equal frequency, but are absent at their ends (Fig. 7a) . The average number of kinks per molecule from two separate preparations was 2.11 ± 0.93 (n = 108) and 2.47 ± 1.23 (n = 60). Cross-links occur predominantly at the ends of molecules, but can occur at any site (Fig. 7b) . Figure 7c shows the relative positions of tyrosine residues and Tyr-Lys-Tyr sequences, which were deduced from a genomic clone (7). All tyrosine residues are potential sites for intermolecular cross-link formation, and the two tyrosines in the sequence Tyr-Lys-Tyr may form an intramolecular IDT crosslink (12 monomers to be elongated rods with an average length of 84.4 nm, which is close to a previous estimate of 80 nm (38) . The protein backbone of extensin has been shown by circular dichroism spectroscopy to be entirely in the extended polyproline II helical conformation (38) . A molecule containing 274 residues in this conformation (7) matrix. Repercussions of increased wall strength appear to include protection from lysis (19) , inhibition of cell elongation (32), protection from pathogens (13) , and regulation of morphogenesis (1). There is considerable evidence that salt-extractable extensin is a precursor of the insoluble extensin matrix of plant cell walls (10, 33) and strong circumstantial evidence that insolubilization involves the formation of covalent isodityrosine cross-links between extensin nomomers (10, 11, 15) . We set out to understand how the structure of the wall-bound extensin matrix might give rise to its many functions.
Cross-Linking Patterns in Salt-Extractable Extensin. It is evident from micrographs of large extensin polymers (Fig. 61) that little useful information about matrix structure can be discerned from such tangled aggregates. A more tractable approach to this problem was to study oligomers, which may be regarded as transient intermediates between secreted monomers and the cross-linked matrix as a whole, and determine at which sites on these molecules cross-link formation occurs most commonly. Having a fraction enriched in oligomers (Figs. 3, 4 , and Sb) greatly aided this task. Cross-links can form at all sites on extensin molecules (Fig. 7b ), but show a strong preference for their ends. A matrix formed by such molecules would be relatively open, which suggests that the extensin matrix could wrap around cellulose microfibrils (24) . The existence oftwo interconnected polymer systems in the cell wall raises the question of whether newly synthesized extensin is intercalated among the extant wall polymers (intussusception) or deposited near the plasma membrane-like cellulose (apposition). The degree to which Ext-l molecules may be able to penetrate the wall is unclear since they have a hydrodynamic (Stokes') radius of 89 A (35) . and the measured limiting cell wall pore diameter is about 40 A (4). We are currently using immunoelectron microscopy to address these questions (34) .
The amino acid sequence for Ext-I derived from a genomic clone (7) includes 33 tyrosine residues which are evenly distributed along the entire molecule (Fig. 7c) . Since all of these tyrosines are candidates for IDT formation, it is surprising that intermolecular cross-links occur with so much greater frequency at the ends of molecules than within molecules (Fig. 7b) . A possible explanation for this result comes from the observation that salt-extractable Ext-I contains 5.3 half-residues of IDT per molecule (Table I) . Since this material is highly enriched in monomers, nearly all of the IDT must be due to intramolecular cross-links. It follows that the presence of IDT linkages within molecules could prevent their formation between molecules. We cannot explain why we are able to detect significant amounts of IDT in salt-extractable extensin when others were not (10, 1 1, 33). Fry (15) has shown that insoluble cell wall protein (presumably extensin) from a wide variety of species contains IDT (halfresidues) in a ratio of 1:15 with hydroxyproline. If this relationship holds for carrot Ext-I (which contains 1 16 hydroxyprolines; Most of the tyrosine residues in the central regions of Ext-l molecules occur in this sequence whereas those at the ends do not (7) . Figure 7 shows that the distribution of kinks in monomers is similar to that of Tyr-Lys-Tyr sequences, and that the relative positions of kinks and cross-links are complementary. From these data, we suggest that kinks are visible manifestations of intramolecular IDT cross-links. Consistent with this idea is the fact that each monomer contains about 2.65 IDT residues (5.3 half-residues) and a similar number of kinks (2.11-2.47). In addition to preventing the formation of intermolecular crosslinks, intramolecular IDT could put bends into otherwise linear molecules, which could in turn affect the way extensin molecules interact with other components of the wall. Such covalent crosslinks also could make extensin molecules more rigid by preventing rotation at these sites.
The suggested relationship between kinks and intramolecular IDT has not been proven. We expected that molecules treated with acidified sodium chlorite would be straight and un-kinked when examined in the electron microscope, but instead, they were fragmented into short rods (Fig. 5c ). This result was surprising since O'Neill and Selvendran (30) suggested that this treatment had little effect on protein or carbohydrate moieties of cell wall glycoproteins. We tried to demonstrate that extensin which contains less IDT also contains proportionally fewer kinks. For one experiment, carrot slices were treated with ascorbate to inhibit IDT formation (10) , and for another, extensin was isolated from microsomal vesicles, under the presumption that IDT is formed only in the wall (1 1, 15) . Unfortunately, both of these experiments gave equivocal results (not shown). Epstein and Lamport (12) suggested that intramolecular IDT does not put bends into a protein backbone which is in the polyproline II conformation. Although we have not proven that kinks are due to IDT, we do feel confident that they are real structures and not the results of interactions with the mica substrate.
Control of Extensin Matrix Structure. The relative positions and proportions of intra-and intermolecular IDT cross-links could have profound effects on the rigidity and porosity of the extensin matrix, which could in turn modulate the suggested wall strengthening properties of the matrix. IDT formation is presumed to be catalyzed by wall-bound peroxidases (10, 1 1, 15 ).
Since each type of IDT linkage appears to be formed from tyrosine residues which occur in different amino acid sequences (and perhaps in different carbohydrate milieus as well), it is not unreasonable to assume that a different peroxidase could catalyze each type of reaction. The differential expression by a cell of each putative peroxidase could regulate the degree of crosslinking of the extensin matrix in its walls. Although salt-extractable extensins from wounded and unwounded carrot tissues appear to be identical chemically (38) , the matrix formed by each could be different. Likewise, although pea epicotyls capable of elongation growth contain some insoluble extensin, it is possible that the noted correlation between their inability to grow further and extensin accumulation (32) could involve qualitative (i.e., different proportions of intra-and intermolecular crosslinks) as well as quantitative changes in the extensin matrix. The exact properties of the matrix also might be controlled by the differential expression of multiple precursors, such as Ext-1 and Ext-2. 
